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Abstract. We study the response of the low-degree solar p-mode frequencies 
to the unusual extension of the minimum of solar surface activity since 2007. 
Helioseismic observations collected by the space-based, Sun-as-a-star GOLF in- 
strument and by the ground-based, multi-site network GONG (integrated signal) 
are analyzed. Temporal variations of the low-degree (I = 0,1,2), p-mode fre- 
quencies are obtained. Although the known correlation of the frequency changes 
with the solar surface activity is recovered for the period 1996-2007, since the 
second half of 2007 and until July 2009 (latest period analyzed) we notice a 
peculiar behavior amongst modes of different angular degrees. In particular, a 
clear increase of the I — and I = 2 p-mode frequencies is consistently obtained 
since late 2007, while the I = 1 frequencies follow the general decreasing trend of 
surface activity. We interpret these differences in the frequency shifts of individ- 
ual low-degree modes as indicative of variations at high latitudes in the magnetic 
flux beneath the surface of the Sun related to the onset of solar cycle 24. 



1. Introduction 

Temporal variations of the low-d egree (low-Q, solar p-mod e frequencies with so- 



lar activity were first reported by lWoodard fc NovesP(ll985l ). who found that the 
I = and I = 1 mode frequencies in the 5-min band decreased by ~ 0.42 /jHz be- 
tween 1980 (near solar maximum) and 1 984 (near solar m inimum). These early 
observations were later on confirmed bv lPalle et al.l ( 19891 ) using data spanning 
the entire solar cycle 21 (1977-1988). As higher quality and continuous helioseis- 
mic data became available, more detailed analysis were carried out revealing the 
highly-correlated sensitivit y of the solar oscillat i on acoustic frequencies to the so- 
lar su rface activity at low- ( Chaplin et al. 2001 ; Gellv et al. 20021; Salabert et al 



2004) and high-angular degrees (| Jimenez- Reves et al. 2001 ; Howe et al. 20021 ; 



Salabert fe Jimenez-Revesll2006al ). Angular-degree dependence of the frequenc y 
shifts at i ntermediate and hig h I was also observed ( Jimenez- Reves et al. 200ll ). 



Moreover, I Howe et al.1 (|2002l ) showed close temporal and spatial correlation of 



the latitude distribution of the high-degree shifts with the surface magnetic 
field. Marginal but still significant degree dependence of the l ow-degree fre- 
quency shifts was uncovered as well ( Jimenez- Reves et al. 2004bl : Chaplin et al 
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20041 ). However, the origin of the frequency shifts is far from being properly 



understood. The form and the degree dependence of the shifts would favor near- 
surface phenomenon but however they cannot be purely explained by structural 
changes: the magnetic field is somehow involved in the mechanism. As the so- 
lar oscillation frequencies, the p-mode amplitudes and linewidths, for instance, 
were also proven to be sensitive to the solar activity cycle in both Sun- as-a- 
star ( Chaplin et al. 200C : Salabert et al. 20031; Jimenez- Reves et al. 2004aT ) and 



spatially-resolved ( Komm et al. 200d : Salabert k, Jimenez-Reved 2006bl ) obser 



vations. 

The frequency shifts being clo sely correlated with s olar surface activity 
proxies during the past solar cycles ( Broomhall et ai1l2009l ). the response of the 



solar oscillations to the current unusually long and deep solar activity minimum 
is of particular interest. By analyzing 4768 days collected by the space-based he- 
lioseismic instrumen t Global Oscillations at Low Frequency (GOLF) instrument 
( Gabriel et al. T995T) onboard th e Solar and Heliospheric Observatory (SOHO) 



spacecraft. ISalabert et al.l ( 20091 ) observed that the frequency shifts of the I = 6 



and I = 2 modes show a sharp rise from the end of 2007, while no significant 
surface activity is visible on the Sun. On the other hand, the I = 1 modes follow 
the general decreasing trend of solar surface activity. The differences between 
individual angular degrees can be interpreted as different geometrical responses 
to the spatial distribution of the solar magnetic field beneath the surface of the 
Sun, indicating variations in the magnetic flux at high latitudes related to the 
onset of solar cycle 24. Significant variations of the p-mode frequencies during 
the current minimum in contrast t o the surface act i vity o bservations over the 
same period were also reported bv lBroomhall et al. ( 20091 ). However, they did 



not analyzed the variations in term of individual angular degree. Furthermore, 
Howe et al.l ( 20091 ) showed that the lack of sunspots and the low- activity levels 



during the current minimum can be explained by a slower than usual jet stream 
associated with the production of sunspots. These streams originating from the 
poles every 11 years migrate slowly below the surface towards the equator. 

We present here an updated analysis of the GOLF observations until July 
2009, allowing u s to include an extra measurement with a 100% filling factor in 
comparison with lSalabert et al.l (2009). We also present results obtained by per- 



forming the same analysis on the integrated t ime series of the Global Oscillation 
Network Group (GONG; lHarvev et al.|[l996l ). We discuss the temporal depen- 
dence of the frequency shifts at individual angular degree and their behaviors 
during the current extended minimum of activity 



2. Observations and analysis 



2.1. Data sets 



A tot al of 4836 days of velocity GOLF time series (lUlrich et al.ll2000l:lGarcia et al.l 
20051 ) calibrated following the method detailed in iJimenez- Reves et al.1 (|2003h 
were analyzed. This dataset, starting on 1996 April 11 and ending on 2009 
July 8, was split into contiguous 365-day subseries. Each series was allowed to 
overlap by 91.25 days (i.e., a four-time overlap), resulting in a total of 50 non- 
independent time series. The mean duty cycle during this period was 95.0%. 
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We also analyzed 5110 days of the integrated time series of the ground- 
based, multi-site GONG project, spanning the period from 1995 May 7 to 2009 
May 3. The mean duty cycle was 85.4%. As for the GOLF observations, the 
GONG data were split into 365-day subseries with a four-time overlap, resulting 
in a total of 52 non-independent time series. 



2.2. Calculation of the frequency temporal variations 

The power spectrum of each 365-day time series was fitted in order to estimate 
the mod e parameters. The fitting was perform ed by using a multi-step iterative 
method ( Gellv et al.ll2002l ; ISalabert et al.ll2007h . in which each mode component 



is parameterized by a modified Lorentzian model. The mode parameters were 
extracted using a standard likelihood maximization function following the x 2 
with 2 degrees-of-freedom statistics of the power spectrum. The formal uncer- 
tainties in each mode parameter were derived fr om the inverse Hessia n matrix. 
Details of the fitting procedure can be found in ISalabert et al.1 (|2009l ). Due to 



the spatial resolution of the original GONG data, part of the power from the 
higher angular degrees (I > 4) are present in the integrated GONG signal. These 
leaks were taken into accou nt during the fittin g by including information from 
the GONG leakage matrix (|Hill fc Howdll998T ). 



The temporal variations of the p-mode frequencies were calculated by com- 
paring each fitted frequency with a reference, taken by averaging the frequencies 
over the entire set of analyzed spectra for each data sets. The formal errors re- 
turned by the fits were used as weights. The frequency shifts were then defined 
as the difference between these reference values and the frequencies of the cor- 
responding modes observed at different dates. The weighted averages of these 
frequency shifts were then calculated between 2000 and 3300 /uHz. Mean values 
of daily measurements of the 10.7-cm radio flux were obtained over the same 
365-day subseries and used as a proxy of the solar surface activity. 



3. Results 

Figures [T] and [5] show the temporal dependence of the frequency shifts at each 
angular degree I = 0,1, and 2, measured from the GOLF an d from the in- 
tegrat ed GONG 365-day spectra respectively. As observed by ISalabert et al 



(2009), the frequency shifts at I = and I = 2 show a sharp rise from the end 



of 2007, which is quite pronounced at I = 2. At I = 1, the frequency shifts 
keep decreasing following the general trend of solar surface activity. The results 
are consistent between the space-based GOLF and the ground-based, integrated 
GONG instruments. 

The differences in the frequency shifts of individual low-/ modes may be in- 
terpreted as different geometrical responses to the spatial distribution of the solar 
magnetic field beneath the solar surface. Indeed, oscillati on modes with lower 



I values have different sensitivities to different latitudes ( Jimenez- Reves et al 



2004b3). In the GOLF and integrated GONG data, the observed I = 1 fre- 



quency is a weighted measurement of the visible components (I = 1, \m\ = 1), 
while the I = 2 frequency corresponds to the weighted measurement of the zonal 
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Figure 1. Frequency shifts of the I = 0,1, and 2 solar p modes (left to 
right panels) extracted from the analysis of the 365-day GOLF spectra. The 
associated error bars are also represented. The corresponding 10.7-cm radio 
flux averaged over the same 365-day timespan is shown as a proxy of the solar 
surface activity (solid line). 



(I = 2,m = 0) and sectoral (I = 2, \m\ = 2) components^. The sectoral modes 
are more concentrated along the equator, while the zonal modes are most sensi- 
tive to the high latitudes. Thus, the I = 2 modes as seen by full-disk instruments 
are more sensitive to the high latitudes of the Sun. They have larger frequency 
variations than the I = modes, which are averaged across the entire visible solar 
disk, while the full-disk I = 1 mode is more concentrated along the equator. 



4. Conclusions 

We analyzed integrated helioseismic observations collected by the space-based 
GOLF and ground-based, multi-site network GONG (integrated signal) instru- 
ments, and studied the response of the low-degree p-mode frequencies to the 
unusually extended and deep surface activity minimum of solar cycle 23. While 
closely correlated with the surface activity proxies during the past solar cycles, 
the temporal variations of the individual I = and I = 2 mode frequencies (full- 
disk), which are more sensitive to higher latitudes, show an upturn from the end 
of 2007, when no significant activity is observable on the surface of the Sun. On 
the other hand, the variations of the I = 1 mode frequencies (full-disk), which 
are less sensitive to higher latitudes, show no evidence of an upturn and follow 
the decreasing trend of surface activity. Similar results were obtained with the 
GOLF and the integrated GONG data sets. These differences between individ- 



1 Because the rotation axis of the Sun lies close to the plane of the sky from the observing point, 
full-disk observations, such as GOLF and integrated GONG data, are only sensitive to the 
modes with I + \m\ even. 
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Figure 2. Frequency shifts of the I — 0,1, and 2 solar p modes (left to right 
panels) extracted from the analysis of the 365-day integrated GONG spectra. 
The associated error bars are also represented. The corresponding 10.7-cm 
radio flux averaged over the same 365-day timespan is shown as a proxy of 
the solar surface activity (solid line). Note the different scale on the y axis 
compared to Fig. [TJ 




ual angular degrees may indicate that the magnetic effects related to the new 
solar cycle 24 happening beneath the surface and responsible for the frequency 
shifts have started in late 2007 at high latitudes. 
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